To investigate the influences of river bend geometry on flow structures, three-dimensional simulations were carried out. The influence of aspect ratio, channel sinuousness and curvature ratio were investigated. Simulation results show that with an increasing of channel aspect ratios, the streamwise variation of flow velocities decreases significantly, which is not the case for the spanwise direction. Simulation results also reveal the significant influence of the curvature ratio on the redistribution of primary flows. The streamwise variation of free-surface and bottom-wall velocities was compared and the phase differences between them was identified, which was described as anti-phase and out-of-phase patterns. Deep-water channels with an aspect ratio of 0.15 show significant phase-lag of flow velocities compared with channel geometry, this newly observed phenomenon implies the shift of the peak scouring point in fluvial river meanders. For the first time to our knowledge, the streamwise and spanwise variation of primary and secondary flow strength, as well as their spatial derivatives, are quantitatively provided, which are valuable for theoretical studies. It is also found that the widely adopted assumption that the streamwise velocity component is one order magnitude larger than the spanwise, is only valid for river bends with small curvatures and aspect ratios.
INTRODUCTION
As one of the most common river patterns in nature, meandering rivers have flow structures much more complicated than those observed in straight rivers. They are characterized by a traverse-inclined free-surface, secondary currents and spiral flows ( Johannesson & Parker a, b) . A deep understanding on the flow structures in meandering rivers is of great importance in theoretical studies by using the perturbation method (Ikeda et al. ; Liu et al. ) . For the perturbation method, it is crucial to correctly estimate the magnitude of each variable in the governing equations of flow motion, and choose small parameters rationally. Different estimations may lead to completely different theoretical results (Smith & McLean ) . To the authors' knowledge, however, a comprehensive understanding on the flow structures in river bends with diverse geometric shapes is still lacking. is applied for spatial discretization. The rest of the paper is organized as follows. In the next, the adopted methodology is introduced. After that, the numerical model is verified by comparing the numerical results with three groups of experimental data. In the next section, the influences of geometric shapes of channel bends on flow structures are discussed for 
3D CFD SOLVER AND VERIFICATION CASES

Governing equations
Following our previous publication (Bai et al. ) , an in-house CFD solver for incompressible viscous flow was adopted. The time averaged form of the Navier-Stokes equations, i.e. the RANS equations (Bai et al. ) , are as follows:
where u is the time averaged velocity, p is the time averaged pressure, ρ is the density of the fluid, ν is the kinematic viscosity, u 0 is the fluctuating velocity. To close the RANS equations, the RNG k-ε turbulent model was adopted. The transportation equations for k and ε are as follows (Bai et al. ) :
where k and ε are the turbulent kinetic energy and its dissipation rate, respectively. Àu 0 i u 0 j is the Reynolds stress tensor and can be represented by Àu 0 i u 0 j ¼
resents the kinematic eddy viscosity. The term Àu 0 i u 0 j @ u i =@x j represents the generation of turbulence kinetic energy due to the mean velocity gradients.
The widely used values of the constants in the above governing equations are: Therefore, the RNG k-ε model was adopted in the present study.
Discretization, grids and boundary conditions
The FVM was adopted in the 3D incompressible viscous flow solver. In the solver, to decouple the pressure and the velocity, the SIMPLE (semi-implicit method for pressurelinked equations) algorithm was applied. The flux of each control volume was calculated using a second order Upwind scheme. For time stepping, Adam-Bashforth (AB2) scheme was adopted, which has second order accuracy in time. Figure 2 shows the adopted 3D structured grids in The no-slip boundary condition was applied on the channel bottom and side-walls, while the free-slip boundary condition was adopted on the free-surface. Note that the rigid wall approximation of the free-surface adopted in this study suppresses the development of surface waves. However, the introduced errors on the water level variations is negligible (less than 5% of the water depth (Stoesser et al.
)) due to the small Froude number (smaller than 0.71 for all cases) in this study. A uniform inflow was imposed on the inlet boundary, and the non-reflecting outflow condition was imposed on the outlet boundary. A standard wall function was applied on the no-slip walls. The Reynolds number based on mean velocity and water depth ranges from 888.9 to 8,571.4. A uniform grid was adopted in all three directions with a total element number around 10 6 .
There were 64 grids in the vertical direction, which yields Δy þ ranging from 26 to 97 for different cases. A constant time step of 0.01 s was adopted, which yields a CFL (Courant-Friedrichs-Lewy) number ranging from 0.01 to 0.18.
Each case ran around 10,000 time steps to reach a quasisteady state. The running time for each case is around 48 hours on a 4-core 2.4 GHz CPU.
Verification cases
To validate the numerical model, three groups of laboratory experiments with different curvatures were adopted, namely Group I (sharply curved channel), Group II (mildly curved channel) and Group III (sine-generated channel). Good agreements have been achieved, which demonstrates the high accuracy of the numerical model in simulating complex 3D flow structures in channel bends and the secondary currents in the cross-section plane.
Group II: mildly curved channel
For verification of flow in a mildly curved channel, high precision experimental data from Booij () was adopted.
Generally, river bends in nature are shallow (width/water depth ∼O(50)) and mildly curved (radius/width ∼O(10)). convex bank during the experiment, which may lead to an underestimation of velocity when using the interpolation technique. In general, the simulated primary flow velocities agree well with measured data.
RESULTS AND DISCUSSION
In order to investigate flow structures in channel bends with a wide range of geometries, in total 10 simulation cases were 
where ϕ(s) is the channel deflection angle, s is the curved streamwise coordinate, M is the curve length of a single bend, ω is the maximum deflection angle. Other geometric parameters of the channel bend include the channel width B, the wave amplitude A and the wavelength λ, as shown in Figure 9 .
In order to study the influences of channel sinuousness on flow structures, three maximal deflection angles of 30, 60
and 110 W were adopted in the numerical simulations. Table 1 lists other geometry and simulation parameters.
The contours of velocity magnitude on different crosssections along the channel are shown in Figure 10 . It can be seen that the spanwise variation of streamwise velocity It can be seen from Table 2 that when the maximal reflection angle ranges from 30 to 110 W , the sinuousness has trivial effects on the magnitude of flow velocities in channel bends.
The streamwise variation ranges of velocities are equivalent to their spanwise counterpart. However, the spanwise variation gradients of velocities are over five times larger than The corresponding aspect ratio of the channel ranges from 0.15 to 1. The maximum deflection angle of 110 W was adopted on the purpose of strengthening the secondary flows. See Table 3 for other geometric and simulation parameters. Figure 13 shows the contours of streamwise velocity magnitude in the channel bends with various water depths. It can be seen that the maximum streamwise velocity decreases with increasing water depth, which means the primary flow tends to be more uniform in a channel with a smaller aspect ratio. However, in contrast, the strength of secondary currents increases with increasing water depth. This is clearly demonstrated by the highly twisted contour lines in Figure 13(c) . Although the secondary currents distort the contours of the streamwise velocity, they also increase the uniformity of the primary flow by deflecting the flow core and mixing fluids with different velocities. It can also be seen that the maximum streamwise velocity is attained near the free-surface at the upstream side of the channel bends in RUN H15, but is Meanwhile, after the D n number exceeds the critical value, two counter-rotating vortices develops (even more vortices can be found when the D n number is sufficiently high) (Ligrani & Niver ) . This explains the variations of the spanwise velocities in Figure 14 (e) being out-of-phase. Table 4 further quantitatively shows the variations of flow velocities in channel bends with different aspect ratios. It can be seen that, with the decreasing of the aspect ratio, the variation amplitude of U in the streamwise direction decreases monotonously, while the variation amplitude of V in the streamwise direction increases monotonously. This can be attributed to the stronger secondary current in the channel bend with a larger water depth. Similar situations can be found in the spanwise variation of velocity components.
Influences of channel curvature on flow structures
Channel curvature, usually denoted by the ratio of curvature radius to channel width (R/B), is a geometric parameter which describes the channel's non-straight morphology. The difference between channel curvature and channel sinuousness is that channel sinuousness only represents the curve degree of the channel centerline, while channel curvature combines the effects of channel shape and channel width. Emmett & Leopold () measured 50 meandering rivers and found that the value of (R/B) 2/3 ranged from 1.5 to 4.2 with an average of 2.7. They concluded that for alluvial meandering rivers, although their flow rates and geometric dimensions differed drastically, the value of (R/B) 2/3 was close to a constant. Therefore, meandering rivers in alluvial plain areas show similar appearances on satellite images. However, for mountain rivers, the value of (R/B) 2/3 may be far beyond that range due to the geological conditions. To study the influences of the channel curvature on flow structures, three sinegenerated channel bends with the same maximum deflection angle of 110 W but different channel widths were adopted in the simulations of Group III. The corresponding curvature ratio ranges from 1.0 to 7.5 (with (R/B) 2/3 ranges from 1.0 to 20.5). The aspect ratios of the channels were set to 0.25. Table 5 shows the geometric and simulation parameters. Figure 15 shows streamwise velocity contours on the cross-sections along the channels for RUNs B2 and B5.
The results for RUN B15 are the same as those for RUN H60, as shown in Figure 13 The streamwise variation ranges of velocities are of the same order of magnitude of their spanwise counterpart.
However, the spanwise variation gradients can be five times higher than those in the streamwise direction.
The velocity magnitude of secondary current in highly sinuous channel bends can be as large as 20% of the primary flow, which may invalidate many theoretical assumptions that secondary current is much weaker than the primary flow. 3. The spanwise gradient of flow velocities decreases when the aspect ratio of channel bends increases from 0.15 to 1.0. Channels with higher aspect ratios tend to present more uniform velocity distributions on cross-sections.
Simulation results show that the lower the water depth, the closer the dynamic flow axis to the channel banks.
The variation of streamwise velocity along channel centerlines decreases 70% when the aspect ratio increases the Dean numbers being smaller than the critical value.
However, when the curvature ratio is 1.0, the out-ofphase pattern is observed.
Note that the channel bend shapes presented in this study are controlled by three factors, i.e. sinuousness, aspect ratio and curvature ratio, and may not cover the practical meandering river shapes in nature due to their diversity. A major contribution of the present study is the flow features in channel bends with various geometries.
Such knowledge is necessary for understanding the fundamental mechanism of river meandering dynamics in fluvial environment. Moreover, a systematic analysis of flow velocity magnitudes in various channel bends are presented, which is especially informative and meaningful to theoretical studies.
Nowadays, turbulent models remain a huge challenge for RANS-based CFD simulations, including the RNG k-ε model adopted in the present study. In this regard, further investigations on the behavior of various turbulent models and their influences on secondary current are necessary, especially for sharply curved channel bends with a strong secondary current. A more advanced numerical technique, such as LES, could be a better option. However, considering LES is computationally expensive, investigation can firstly focus on one geometric factor, such as the deflection angle, before extending to more complex channel shapes.
